Abstract
Introduction
The amount of certain elements delivered to the soil by decomposing litter is an important component of sustainable forest management [1] . Among potentially toxic elements, lead (Pb) and cadmium (Cd) have been considered among the top 20 pollutants on the USEPA priority list [2] . These heavy metals are toxic to most soil organisms when present in excessive concentrations [3] , and the toxicity to soil organisms has a negative impact on material circulation and energy transformation of alpine forest ecosystem. Canopy gaps are recognized as important determinants of forest regeneration [4, 5] , and gap formation by disturbances can alter the snow thickness, light intensity, and other environmental conditions that may influence the temporal and spatial dynamics of Pb and Cd at different scales. In our previous studies of foliar litter decomposition, the seasonal snow cover had a significant impact on mass loss, nutrient dynamics and microbial biomass in the alpine forest [6] [7] [8] . Although heavy metal dynamics have frequently been studied in forest ecosystems [9] [10] [11] , data regarding the dynamics of Pb and Cd during litter decomposition in alpine regions, because of variation in the radiation and snow cover, particularly regarding the effects of forest gaps on Pb and Cd dynamics, remain relatively scarce.
Forest gaps affect the Pb and Cd dynamics during litter decomposition differently during the winter and growing seasons. Seasonal snow cover is one typical feature of high latitude/altitude ecosystems. Deep and moderate snow patches occur in the gap centers and at the canopy gap edges, which can provide relatively stable environments in which soil organisms can thrive [12] . In addition, the insulating effects of snow and snowmelt result in moisture-temperature conditions that are favorable for the decomposition of foliar litter. As the temperature increases, snowmelt occurs during the snowmelt stage, which results in Pb and Cd leaching [13] . The aforementioned factors may induce the release of Pb and Cd during litter decomposition. Compared with gap centers and canopy gap edges, the thin and absent snow patches at the extended gap edge and under the closed canopy display more intense freezing and repeated freeze-thaw cycles, which can damage the physical structure of the litter and improve litter decomposition [14, 15] . Previous studies have indicated that litter quality may influence decomposition [16] [17] [18] . Freeze-thaw cycles result in significant changes in litter chemistry by affecting litter physical structure and improving litter decomposability [19, 20] and potentially contribute to Pb and Cd release from foliar litter. Canopy gap disturbance can influence the availability of resources, such as light, water, and nutrients during the growing season [21] . Since the composition and abundance of the understory are different, the light intensities are greatest in the gap centers, where direct irradiation reaches the forest floor and increases the soil temperature and decreases the soil moisture content relative to other locations. In addition, the nutrient contents in the gap varied widely from the gap center to the closed canopy [22] . Therefore, the forest gaps can be an important factor for controlling microbial activity and, consequently, litter decomposition and the biogeochemical cycling of Pb and Cd.
There is snow insulating effect in the gap during the winter and a canopy insulating effect in the closed forest during the growing season. The extended gap edge and closed canopy provide the soil organisms with microenvironments that are suitable for their activities [23] , thereby improving Pb and Cd release or immobilization during litter decomposition through biological processes during the growing season. The bioavailability of Pb is generally lower relative to Cd, confirming that this metal does not readily remain in the soluble fraction [2, 24] . Consequently, Pb release would be more difficult than that of Cd. Moreover, the Cd mobility in a soil depends more strongly on the acidity, whereas that of Pb is controlled by the concentration of organic substances [25] , which may result in different amounts of Pb and Cd release. However, the research on Pb and Cd dynamics during litter decomposition is insufficient. The objective of this study was to characterize the effects of forest gaps on Pb and Cd dynamics during decomposition of litter from six representative woody species in different snow cover stages and during the growing season in an alpine forest in western Sichuan. Therefore, we hypothesized the following: 1) more Pb and Cd are released from decomposing litter in the gap center than under the closed canopy because of higher decomposer activity under snow cover and higher leaching during snowmelt, 2) more Pb and Cd accumulate in foliar litter under the closed canopy due to higher decomposers quantity and activity in the growing season, and 3) Cd release occurs more readily than Pb release.
To test these hypotheses, a field experiment using the litterbag method was conducted in an alpine forest located on the eastern edge of Qinghai-Tibet Plateau and the upper reaches of the Yangtze River from November 2012 to October 2013 with intermediate sampling dates. This region plays an important role in conserving soil and water, preserving biodiversity, regulating climate and improving the environment [26] . On the one hand, heavy metals in the Yangtze River have relative high concentration because of parental rocks. The release of heavy metal from litter in upper reaches could aggravate the potential pollution. On the other hand, heavy metals are also the important elements in plant organisms, although they are not necessary for plant growth. The cycling of heavy metals is also one of the essential processes in forest ecosystems, but lack of attention.
Materials and Methods

Ethics Statement
The Institute of Ecological Forestry, Sichuan Agricultural University, received a permit from the Western Sichuan Forestry Bureau to conduct scientific experiments in the Bipenggou Nature Reserve since March 2006. The senescent fresh foliar litter collected for this study were only sampled at a very limited scale, and thus had negligible effects on broader ecosystem functioning. Moreover, this research was carried out in compliance with the laws of the People's Republic of China. The research did not involve measurements of humans or animals and no endangered or protected plant species were involved.
Study sites
The study area is located in the Miyaluo Nature Reserve in Lixian County, Sichuan, China
. This region is a transitional area between the Qinghai-Tibet Plateau and the Sichuan Basin. The annual mean air temperature is 3°C, the coldest month is January (-18°C), and the warmest month is July (23°C). The annual mean precipitation is approximately 850 mm, with most rainfall occurring between May and August. During the freeze-thaw season, the soil remains frozen for 5-6 months, and obvious and frequent freeze-thaw cycles occur during the onset of freezing and thawing [27] . The forest vegetation in the study region consists of deciduous broadleaf forest, mixed coniferous and broadleaf forest, coniferous forest, alpine shrub, and alpine meadow along an altitudinal gradient [28] . The forest is dominated by Masters larch (Larix mastersiana), Mingjiang fir (Abies faxoniana), Red birch (Betula albosinensis) and Mourning cypress (Sabina saltuaria), interspersed with shrubs of Kangding willow (Salix paraplesia) and Alpine azalea (Rhododendron lapponicum).
Experimental design
Our study site consisted of 72 experimental plots (3 gaps×4 locations×6 plots) that were located in three replicate gaps (larger than 25×25 m) at an elevation of 3,582 m in a fir-dominated forest. According to Schliemann & Bockheim [29] , We definite canopy gap: a 'hole' in the forest through all levels down to an average height of 2 m above ground, and extended gap: canopy gap plus the area that extends to the bases of surrounding canopy trees. Gap age may be determined from tree ring analysis of released trees in or near the gap edge. The gaps here we selected are natural formed about 20 years ago [30] . Some decayed stumps and trunks are standing on the forest floor. We have not changed any characters of soil surface or vegetation. Four locations were identified along the gradient from a forest gap to full canopy cover in each gap, the gap center, canopy gap edge, extended gap edge and closed canopy. Six 2×2 m experimental plots for six litter species in each location, with a distance greater than 3-4 m between the two adjacent locations. The litter fall occurs at least one month between autumn and winter in the studied alpine forest. In October 2012, freshly senesced willow, larch, fir, azalea, birch and cypress leaves were collected from the floor of the sampled forests. These species we selected have similar litterfall time. Air-dried litter samples (10 g per bag) were placed in nylon bags (20×25 cm with 0.5 mm (top) and 1.0 mm (bottom) mesh), and the edges were sealed. Overall, 144 litterbags of each species (three gaps×four plots×four stages×three replicates) were placed on the floors of the three sampled forests on November 15, 2012. At least 2 cm was maintained between consecutive bags to avoid disturbance. Five replicate samples for each species were used to determine the initial litter quality (Table 1 ). In the meantime, the iButton DS1923-F5 recorders (Maxim/ Dallas Semiconductor, Sunnyvale, CA, USA) that recorded soil temperature every 2 h were placed in two litterbags in each location. The litter and air temperature dynamics are described in Fig 1. Across the forest gaps, we observed the formation of snow patches of different thicknesses due to canopy cover, wind and other factors. Snow thickness was measured with a ruler at multiple points on each sampling date (Fig 2) .
Litterbags were sampled at four stages: the snow formation stage, snow coverage stage, snowmelt stage, and growing season. 
Analyses and calculations
The residual litter in the litterbags after thoroughly cleaning out debris was oven-dried to a constant weight at 65°C for at least 72 h before grinding and passing through a 0.3-mm stainless steel sieve for chemical analysis. For the Pb and Cd analysis, approximately 0.50 g of dry litter material was digested with a mixture of HNO 3 and HClO 4 (5:1). Next, the digested solution was transferred to a 50-ml volumetric flask, rationed, and stored for Pb and Cd concentration measurements. The Pb and Cd concentrations in the initial and decomposed leaves were Table 1 . Initial concentrations of carbon (C), nitrogen (N), phosphorus (P) (gÁkg-1 dry weight) and metals concentrations (mgÁkg-1 dry weight) for foliar litter (mean ± standard deviation, n = 3). Forest Gaps Inhibit Foliar Litter Pb and Cd Release and Accumulation determined using an inductively coupled plasma emission spectrophotometer (ICP-AES; Thermo Electron Corporation, Massachusetts, USA) [11, 31] . Organic carbon, total nitrogen and total phosphorus were determined using dichromate oxidation, Kjeldahl digestion and phosphomolybdenum-yellow spectrophotometry, respectively [32] . The percentage of metal release (E) was calculated as follows [33] :
where C t-1 and C t are the concentration of the metal at sampling time t-1 and t, respectively; C i is the initial concentration of the metal (mgÁkg ); M t-1 and M t are the dry mass of the decomposed leaf litter at time t-1 and t; M i is the initial dry mass of the litter. The sum of the release rates during snow formation, snow cover and snowmelt is equal to the release rates of freezethaw season, and the sum of the release rates during the freeze-thaw season and growing season is equal to the release rates of 1 year. The positive values of E mean release, while negative values mean accumulation.
The metal released per day (V t ) was calculated as follows [6] :
where Δt is the day interval between two consecutive sampling periods.
Statistical analysis
Differences in the initial substrate, Pb and Cd concentrations, release rates among locations were evaluated by using one-way ANOVA with Fisher's LSD post hoc testing. We have examined the date for homogeneity of variances (Levene's test) before analysis. The two-factor analysis of variance and LSD methods were used to compare the interactions between the gap and species with the Pb and Cd release rates from the litter. A Pearson's correlation coefficient test was performed to determine the relationships between temperature and Pb and Cd release rates. All statistical analyses were conducted using Excel 2003 and SPSS 20.0. Results
Metal concentrations in the decomposing litter
The Pb concentration decreased at the snow formation stage, regardless of species (Fig 3) . However, the Pb concentrations in the willow, larch and fir litter generally increased after the snow coverage stage, and the Pb concentrations in azalea, birch and cypress litter decreased at the snow melt stage (Fig 3) . Large increases in Pb concentrations were observed regardless of the foliar litter species during the growing season (Fig 3) . During each stage, the Pb concentrations in the willow, fir, azalea, birch and cypress litter were greater in the gap center compared with those in the closed canopy. However, the Pb concentrations in the larch litter were greater at the extended gap edge and under the closed canopy, except during the snow formation stage. The Cd concentrations in the larch, fir and azalea litter increased at the snow formation stage, decreased during the snowmelt stage, and quickly increased during the growing season (Fig 4) . The Cd concentrations in the cypress litter gradually decreased with time until the snow melt stage (Fig 4) . No significant changes were observed in the birch litter. In addition, the Cd concentrations increased regardless of species during the growing season (Fig 4) . The Cd concentrations in the willow, larch, azalea and birch litter were greater in the gap center and at the canopy gap edge during the snow formation stage. During the snow coverage stage, the Cd concentrations in the larch, fir and cypress litter were higher in the gap center and at the canopy gap edge. The Cd concentrations in the willow and fir litter were greater at the extended gap edge and under the closed canopy at the snowmelt stage. The Cd concentrations in the litter, excluding fir, were greater at the extended gap edge and under the closed canopy during the growing season.
Metal release during decomposition
Over one year of litter decomposition, Pb accumulated in the willow, larch, fir, azalea, birch and cypress litter and was especially prevalent in fir and azalea litter. Furthermore, Cd was released from decomposing litter regardless of the species (Fig 5 and Fig 6) . The highest Pb accumulation rates in willow, larch and cypress litter were recorded at the extended gap edge and under the closed canopy (Fig 5) . A similar pattern of Pb dynamics was observed in the growing season. The Cd release rates from willow, birch and cypress litter were higher in the gap center and at the canopy gap edge (Fig 6) .
Although Pb was released from willow, fir, azalea, birch and cypress litter, it accumulated in the larch litter throughout the winter. The highest release rates from the willow, azalea and cypress litter were recorded at the extended gap edge and under the closed canopy (Fig 5) . Furthermore, Cd was released from all six litter types during the winter, with the highest release rates in willow, larch, birch and cypress at the extended gap edge and under the closed canopy (Fig 6) . The accumulation of Cd in the larch, birch and cypress litter was higher at the extended gap edge and under the closed canopy during the growing season.
During the snow formation stage, Pb was released from all species, whereas Cd was released from willow, birch and cypress litter and accumulated in the larch, fir and azalea litter (Fig 5  and Fig 6) . The Pb release rates were greater at the extended gap edge and under the closed canopy for all species except cypress (Fig 5) . The Cd accumulation rates for birch and cypress litter were greater in the gap center and at the canopy gap edge (Fig 6) . During the snow coverage stage, Pb was released from willow and larch litter but accumulated in other litter. In contrast, Cd was released from the litter of all species. The highest Pb accumulation rates in fir and birch litter and the highest Cd release rates in fir and azalea litter were recorded at the extended gap edge and under the closed canopy (Fig 5 and Fig 6) . During the snowmelt stage, the Pb concentration accumulated in willow, larch and fir litter and was released from the litter of other species. In contrast, Cd was released from all types of litter except for willow (Fig 5 and Fig 6) . The accumulation rates of Pb from the willow and fir litter and the release rates from birch and cypress litter were greater at the extended gap edge and under the closed canopy (Fig 5) . The Cd release rates from the larch, birch and cypress litter were greater at the extended gap edge and under the closed canopy (Fig 6) .
Correlations and Two-Way ANOVA
The daily mean temperature was highly and negatively correlated with the Pb release rate, but no significant correlations were found between the Cd release rate in the larch, fir, or azalea litter (Table 2 ). Table 3 shows that gap, species and their interactions significantly affected the dynamics of Pb and Cd during different decomposition periods.
Discussion
In contrast with our first hypothesis that more Pb and Cd are released from decomposing litter in the gap center than under the closed canopy, the highest rates of Pb and Cd release were recorded at the extended gap edge and under the closed canopy throughout the winter. Our data support the second hypothesis and indicate that the accumulation rates of Pb and Cd from the decomposing litter were greater at the extended gap edge and under the closed canopy than in the gap center and at the canopy gap edge. This result occurred because of the suitable hydrothermal environment during the growing season. The final hypothesis was that Cd release occurs more readily than that of Pb, which was also supported by our results. Overall, our results revealed that forest gaps had important implications for Pb and Cd dynamics during foliar litter decomposition in the alpine forest. In addition, litter quality and different stages of decomposition were associated with the release rates of Pb and Cd. 
Forest Gaps Inhibit Foliar Litter Pb and Cd Release and Accumulation
Many factors can influence metals dynamics, with the most important factors being environmental conditions, soil organisms, litter quality and the chemical properties of elements [34, 35] . The mechanisms that influence the release of metals are quite complex and can lead to variations in the Pb and Cd concentrations among species at different stages of decomposition. The obtained results suggest that the Pb concentrations in the litter increased significantly and that the Cd concentrations decreased after one year of decomposition. High concentrations of Pb that were observed in the litter correspond with the findings reported in other studies [36] [37] [38] . The observed dynamics of Cd are similar to the results of other experiments [37, 39] . Increases in the Pb and Cd concentrations in decomposing litter could be attributed to the following factors: (1) contamination by airborne particulates, (2) passive sorption onto recalcitrant organic fractions, (3) active accumulation by microbial colonizers and (4) the loss of leaf material, which decreases the litter weight and increases the mass-based metal concentration (assuming that the mass of the metal does not change) [36, 40] . In addition, the soluble components are released gradually as the decomposition process proceeds [41, 42] ; therefore, litter residues contain significant amounts of Pb during the growing season. Decreased Cd concentrations could result from biological fixation and leaching [13, 43] . When the element concentration in the litter is higher than in the environment, the element would be released into the environment until equilibrium is reached.
In our research, similar patterns were observed for the Pb and Cd concentrations in the decomposing litter from the gap center and under the closed canopy during the winter. However, differences were observed during the growing season. The Pb and Cd concentrations in the foliar litter were higher in the gap center and at the canopy gap edge than at the extended gap edge and under the closed canopy during different periods of winter. This trend was similar to the trend observed for Pb during the growing season. Frequent freeze-thaw cycles and greater soil organism quantities and activities, among others, are important factors that affect Pb and Cd dynamics. Forest gaps change the distribution of snow in the winter and the hydrothermal conditions during the growing season, therefore, accounting for changes in the Pb and Cd concentrations in our study.
The Pb and Cd concentrations accumulated during the first year of decomposition in several previous studies [44, 45] . Unlike previous researchers, we found that Pb and Cd were released from litter throughout the winter and accumulated during the growing season. In practice, various factors influence heavy metal accumulation and release. First, the initial concentrations of the elements determined their release rates during the first year but had no influence on the concentrations or release rates during the later stages of needle litter decay [46] . During the snow formation stage, the release of Pb and Cd depended on the initial Pb and Cd concentrations. Second, soil organisms could play a very important role in metal cycling because they can mobilize or immobilize metals [47, 48] . Some microbial products, such as exopolymeric substances, can play a significant role in the sorption and transport of metals [49] . The insulating effects of snow result in greater soil organism activity, which is one reason why Cd was released from foliar litter during the snow coverage stage and the snow melt stage. Stronger leaching during the snowmelt stage could also explain the release of Cd [7, 50] . In addition, Pb was accumulated in fir, azalea, birch and cypress litter during the snow coverage stage and accumulated in the willow, larch and fir litter during the snow melt stage. Soil organisms immobilize metals for growth and production, while metals exceeding the needs of decomposers can accumulate during litter decomposition [51] . In addition, the natural organic matter can influence metal accumulation by forming strong metal complexes [52, 53] . Finally, previous studies have indicated that moisture and temperature can affect litter decomposition by changing the microenvironment and accelerating the shifts of microbial assemblages from inactive to fully active [54, 55] . Because sufficient moisture, a warmer environment and more soil organisms were present during the growing season, Pb and Cd accumulated in the decomposing litter. This correlation also demonstrates that the distribution of snow and the hydrothermal differences caused by the gaps could significantly impact the Pb and Cd release and that the Cd dynamics of the larch, fir, and azalea litter are substantially influenced by litter quality.
The accumulation and release dynamics of heavy metals in litter were divergent from the gap center to the closed canopy. In this study, the litter at the extended gap edge and under the closed canopy released and accumulated metals at higher rates than in the gap center or at the canopy gap edge during the winter and the growing season, respectively. Strong freezing, thawing and freeze-thaw cycles at the extended gap edge with thin snow cover and closed canopy with none snow patches could promote heavy metals release from litter in winter. In contrast, there are greater numbers and activity of soil organisms resulting in the greater release of heavy metals through biological processes during the growing season. The observations here agree with the previous study, which documented there were different control factors in litter decomposition between in winter (freeze-thaw and other physical effects) and in growing season (decomposers activity) [56] . The higher accumulation/release rates at the extended gap edge and under the closed canopy may also be explained by the following reasons. First, foliar litter decomposes faster under appropriate hydrothermal conditions [55] , and repeated freeze-thaw cycles in the winter could promote litter decomposition by changing the quality of the organic matter [19] . Consequently, the soluble components are released from the litter [42] , but the recalcitrant components, such as Pb and Cd, remain. Second, the higher Pb and Cd accumulation rates may be explained by the large amounts of Pb and Cd that are released during the winter. The resulting lack of metals could promote immobilization by organisms rather than release from litter. Finally, humic and fulvic acids absorb various metal ions via chelation, this process results in the release of Pb and Cd at the extended gap edge and under the closed canopy. In summary, our results reveal that the dynamics of Pb are significantly influenced by the frequent freeze-thaw cycles in winter and the suitable hydrothermal environment during the growing season, and the dynamics of Cd are mostly influenced by litter quality and soil organism.
Conclusions
Our results indicate that freeze-thaw cycles in winter and the suitable hydrothermal environment during the growing season at the extended gap edge and under the closed canopy could promote the release of Pb during foliar litter decomposition. The lower temperatures at the extended gap edge and under the closed canopy were more favorable for releasing Cd, whereas most litter species were more affected by physico-chemical properties. Therefore, although the dynamics of Cd release were largely related to litter quality, the decreased snow depth in the winter warming scenario would promote the release of Pb during litter decomposition in the alpine forest. Pb and Cd release/accumulation rates from foliar litter were higher at the extended gap edge and under the closed canopy than in the gap center and at the canopy gap edge. Overall, forest gap formation may inhibit biogeochemical cycling of Pb and Cd. These results highlight the importance of forest gaps for Pb and Cd dynamics during the initial year of litter decomposition in the alpine forest. To clarify the specific mechanisms of Pb and Cd released under the influence of forest gaps, more focused and long-term research is required.
Supporting Information S1 Dataset. Dataset used in the present study. (XLSX)
